Introduction
There is consistent evidence in the literature that walking demands a certain level of attention [1, 2] . Therefore, if walking is performed while carrying on another cognitively demanding task, the performance of either one of the tasks may be impaired [3, 4] . Most laboratory studies reproduce this everyday situation with dual-task studies, in which two tasks are performed separately and simultaneously and the decrease in performance between the conditions (i.e., dual-task costs) is believed to result from limited attentional capacity [5, 6] . Even though this methodology has been widely used, depending on the type and complexity of the tasks being performed and the characteristics of the individuals, dualtask costs can be expressed or not [1] . In our view, one of the sources of variability between studies may be the timing of interference between the tasks, because each phase of the gait cycle has different balance requirements [2] and because neuromuscular responses at monosynaptic and at supraspinal processing levels have different latencies. Therefore, we proposed a time-based analysis of dual-task costs between walking and an attentionally demanding cognitive task.
Human walking requires higher level of cognitive resources to estimate, plan and perform online regulation [7] . In addition, effective navigation through the environment requires adequate integration of peripheral information and communication between spinal and supraspinal structures [8] . Peripheral information from the somatosensory systems plays different roles in gait regulation that can be dependent on the phase of gait. For instance, visual inputs are important to determine gait speed and obstacle avoidance during the swing phase [9] , whereas vestibular inputs are more important during terminal swing to correctly place the foot on the ground [10] . Furthermore, stimulation of sensory Ab fibers can cause a facilitatory or suppressive muscular response dependent on the phase of the gait and the specific muscle group [11] . Moreover, because the gait cycle has different dynamic postural demands, dual-task costs should be expected to vary from one phase to another. Lajoie and colleagues [2] observed an increase in reaction time in response to a tone when it coincided A dual-task paradigm was used to examine the influence of an attention demanding cognitive task on each phase of gait. Twenty-three participants (aged 18-27) walked on a treadmill at a 20% increase of their self-selected speed, either alone or while performing a cognitive task. Muscle activity was measured with electromyography (iEMG) for eight muscles of the dominant leg. The cognitive task consisted of subtracting one (EASY) or seven (HARD) from aurally presented numbers. Reaction time (RT) and accuracy were recorded. iEMG events were selected according to stimulus onset (0-150 ms, 150-300 ms and 300-450 ms) prior to phases of gait (double-leg stance, single-leg stance and swing). There was a decrease in iEMG amplitude of fibularis longus (p = .013) and a trend in the same direction for vastus lateralis (p = .065) while walking and performing the cognitive task. When stimulus onset was considered, iEMG of medial gastrocnemius (p = .021) and lateral gastrocnemius (p = .004) were reduced during single-leg stance, when stimuli occurred between 300 and 450 ms prior to this phase. Cognitive performance was affected by task difficulty (RT, accuracy) and by dual-task load (RT). Dual-task costs were observed in both the motor and the cognitive tasks, suggesting that walking requires attention. There was a specific moment (300 ms after stimulus onset) during single-leg stance when dual-task costs were most pronounced, corroborating supraspinal involvement in the control of normal walking. Time-based approaches should be considered when analyzing attentional demands of a dynamic task such as gait.
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with single-leg stance in comparison to double-leg stance. Conversely, Regnaux et al. [12] observed increases in reaction time to press a sensor in response to a tactile stimulus when it occurred during double-leg stance in comparison to single-leg stance. While these studies have addressed dual-task costs according to gait phases, less information is available regarding the delay of interference between walking and a cognitive task. Proper coordination of muscle contraction is important to minimize energy cost and maintain movement trajectory during walking, which is achieved through neuromuscular responses at monosynaptic and supraspinal processing levels. These different responses can vary in latency, with monosynaptic neuromuscular responses occurring between 90 [11] and 100 ms [13] after nerve stimulation. Therefore, when pairing a concurrent cognitive task with a dynamic task such as walking, it is necessary to consider the neuromuscular response time, because dual-task costs may only be evident when attentional competition occurs during supraspinal-elicited neuromuscular responses. In a recent study from our laboratory in which we analyzed change in electromyography (iEMG) relative to cognitive stimulus onset time, the cognitive stimulus affected iEMG activity when it occurred prior to stance phase but not when it occurred during this phase. The delay of dual-task costs may have resulted either from the time required to process the cognitive stimulus and/or from the latency of the neuromuscular response. In a subsequent study [14] , iEMG activity of the medial hamstrings and tibialis anterior was reduced during stance phase when the cognitive stimulus occurred prior to stance. However, there was no change in muscle activity in swing phase when the stimulus occurred prior to swing, suggesting that stance phase is more attentionally demanding than the swing phase.
To extend these previous findings and to further understand the effects of a cognitive stimulus onset on each phase of the gait cycle, we proposed a more detailed time-based analysis of interference between walking and a concurrent cognitive task. Surface iEMG corresponds to the algebraic summation of motor unit action potentials occurring around the electrode site [15] , therefore we believe it to be a good representation of neural output during a given motor task. Assuming that walking and performing a cognitive task compete for attentional resources, we expected muscle activity to decrease under dual-task conditions compared to single-task walking. We also expected that the reduction in muscle activity would depend on stimulus onset time due to the difference in latency between monosynaptic and supraspinal-elicited neuromuscular responses. Given that dualtask costs can be influenced by the balance requirements of the motor task [2] and the difficulty of the cognitive task [16] , we expected that single-leg stance would be more affected by a more difficult cognitive task. Identifying whether each phase of gait is differently affected by a concurrent attentionally demanding cognitive task would suggest varying levels of supraspinal involvement on the control of normal walking. In the cognitive domain, we expected that dual-task cost would be characterized by an increase in reaction time and a decrease in accurate responses.
Method

Participants
Twenty-three healthy adults (11 female and 12 male) between 18 and 30 years old participated in the study. Participants that reported musculo-skeletal or neurological impairments were not included in the study. Volunteers were recruited via advertisements at the University. The study was approved by the Human Research Ethics Committee and all participants gave written informed consent. Two participants were excluded from the entire analysis because they had atypical iEMG profiles. From the remaining 21 participants, all were within normal limits regarding balance measures and cognitive function.
Material and apparatus
Background measures. The Sharpened Romberg Balance Test [17] was used to assess static balance. Neuropsychological tests (Stroop Test [18] , Trail Making Test [19] and Digit Symbol Test [20] ) were used to assess participants' cognitive status, executive function, and speed of processing, respectively.
Gait measurements. Surface EMG was obtained using Ag/AgCl adhesive electrodes (Medi-Trace 133). EMG signal was sampled at 1000 Hz and amplified (gain 500) by a 27-channel amplifier and transmitted to a MYOPAC 16-channel receiver (RunTech Inc., Mission Viejo, CA) where it was further amplified (gain 500, total gain 1000), and A/D converted. The signal was integrated and stored in a Dell laptop computer; bandpass filtered (Butterworth 50-300 Hz) and rectified using DATAPAC2000 software (RunTech). Footswitches were placed inside both shoes of participants to allow detection of the different phases of gait.
Tasks
Motor (W). Consisted of walking on a Biodex TM treadmill at a 20% increase of participants' self-selected, comfortable walking speed. Cognitive (COG). Participants were instructed to subtract 7 (COG-HARD) or 1 (COG-EASY) verbally in response to aurally presented stimuli. Stimuli consisted of 60 two-digit numbers ranging from 11 to 99 (not including numbers ending with 7 and 0), presented sequentially in a random order at 10 unpredictable inter-stimulus intervals (ISIs: from 1250 to 3500 ms) through wireless headphones. A wireless microphone was used to collect the vocal responses (Evolution G2 Wireless SystemSennheiser Electronics). During the COG-HARD and COG-EASY trials participants were standing beside the running treadmill to control for noise.
Dual-task (DT). Participants performed the motor and cognitive tasks simultaneously. To avoid task prioritization caused by instructions [21] participants were instructed to pay attention to both tasks and advised that both were equally important.
Procedure
Participants attended a one-day 2 h session, commencing with information about the study and background measures. Health status was assessed through a physical questionnaire followed by the Sharpened Romberg Balance Test [17] and the neuropsychological tests [18] [19] [20] .
EMG was collected from eight muscles of the dominant leg (listed in Fig. 1) , and a reference electrode was placed over the tibia. All eight muscle groups were tested for their maximum voluntary contraction, and the footswitches were placed inside both shoes.
Participants were then asked to walk on the treadmill and adjust the speed according to the Borg scale of perceived exertion [22] targeting the number 12, representative of an exertion level between ''fairly light'' and ''somewhat hard''. Once their speed was set, it was increased by 20%. The addition was carried out in order to increase the level of difficulty of the motor task. The percentage of increase was based on the mean treadmill speed from previous study using similar paradigm [23] , ensuring that participants' speed would significantly increase, without achieving a speed at which they needed to run. Participants were blind to actual treadmill speed throughout the experiment. Before data collection, participants performed a practice phase with a fixed order of three conditions: COG-HARD, W, and DT-HARD. The test phase was composed of five counterbalanced conditions: COG-EASY, COG-HARD, W, DT-EASY and DT-HARD.
Data analysis
Motor task-iEMG. We selected iEMG events from the dominant leg during each phase of gait (double-leg stance, single-leg stance, and swing phase) based on footswitch signals. iEMG of each phase was selected according to the cognitive stimulus onset at three intervals: (0) when the stimulus occurred less than 150 ms prior to the gait phase, (1) from 150 to 300 ms prior to the gait phase, and (2) from 300 to 450 ms prior to the gait phase (Fig. 1) . Mean iEMG amplitude was normalized to the maximum voluntary contraction. iEMG data from intervals 0, 1, and 2 were collapsed for DT-EASY and DT-HARD, resulting in a value that was used for comparison to the W condition. To examine dual-task effects as a function of phase of gait and cognitive difficulty, we first carried out separate repeated-measures ANOVAs for each muscle group using Phase (double-leg, single-leg, swing) and Difficulty (W, DT-EASY, DT-HARD) as within-subjects factors. To identify differences in muscle activity relative to stimulus onset time, mean iEMG amplitudes from all phases were categorized into intervals 0, 1 and 2 for both levels of difficulty, resulting in eight repeated-measures ANOVAs with three withinsubjects factors: Phase (double-leg, single-leg and swing) Â Onset (from 0 to 150 ms, 150 to 300 ms, 300 to 450 ms) Â Difficulty (DT-EASY, DT-HARD). Pairwise comparisons were carried out using Bonferroni correction to identify the direction of iEMG change.
Cognitive-RT and accuracy. Participants' reaction time (RT) was measured using a custom-designed voice recognition program and accuracy was recorded by the experimenter. Mean RT from correct responses only and percentage of correct responses (accuracy) were used to identify changes in RT and accuracy according to the task and to the level of difficulty. A Task (single, dual) Â Difficulty (EASY, HARD) factorial ANOVA was conducted.
Results
Results for the phase-based analyses are presented first, followed by results of the time-based analyses, and cognitive performance.
Motor task-iEMG
On average, participants walked on the treadmill at 5.47 km/h (SE = 0.80 km/h). iEMG values above or below 3 SD from the mean were identified as outliers and excluded from the single-task condition. There was a significant main effect of Phase for all muscle groups (Table 1) . Pairwise comparisons with Bonferroni correction indicated that VMO and VL were mostly active during the double-leg phase; MH and LH were mostly active during swing; MG, LG and FL, had greater activity during single-leg stance; while TA had greater muscle activity during double-leg and swing in comparison to single-leg. There was a significant main effect of Fig. 2 A and B ). There was a 1.6% reduction (p = .034) in iEMG for MG during single-leg stance when the stimuli were presented between 300 and 450 ms (Interval 2), versus between 0 and 150 ms prior to single leg stance (Fig. 2C) . A reduction tendency in iEMG (1.9%) was observed for LG (Fig. 2D ).
Cognitive task-RT and accuracy
There were significant main effects of Difficulty: participants 
Table 1
Mean and standard error (SE) of iEMG of each muscle group according to the phase of gait. Results of the ANOVA show the main effect of phase for all muscle groups; vastus medialis-VMO, vastus lateralis-VL, medial hamstrings-MH, lateral hamstrings-LH, medial gastrocnemius-MG, lateral gastrocnemius-LG, tibialis anterior-TA and fibularis longus-FL, according to double-leg stance-DL, single-leg stance-SL and swing-SW. Table 2 and Fig. 3 .
Discussion
The purpose of this study was to identify changes in iEMG pattern according to the onset of an attentionally demanding cognitive stimulus. We observed significant dual-task costs in both motor and cognitive domains. The addition of a cognitive load resulted in a decrease in muscle activity in medial gastrocnemius and a trend in the same direction in lateral gastrocnemius, dependent on stimulus onset time. Together, our results underscore the need to consider EMG analysis of dual-task gait using a time-based approach.
Motor task-iEMG
As expected, each muscle group's activity varied according to the phase of the gait cycle [24] . The addition of a concurrent cognitive task resulted in dual-task cost characterized by a decrease in muscle activity of FL and a similar directional trend of VL, consistent with other published findings [14, 23, 25] . The reduction in muscle activity may represent a reduction in neural output due to concurrent cognitive processing or a change on the overt focus of attention away from the walking task.
The time-based analysis of iEMG in relation to stimulus onset times sheds further light on the locus of neural competition or interference: A reduction in iEMG observed for MG and LG when the stimulus onset was 300-450 ms prior to single-leg stance is well in accordance with neurophysiological findings of latencies for monosynaptic and supraspinal-elicited neuromuscular response of posture control [25, 26] and locomotion [27] . Monosynaptic modulation is essential to shape the motor output according to the demands of the ongoing movement, which is achieved through supraspinal structures directly on a-motoneurons and on stretch reflex modulation (through Ia afferent inhibition), and indirectly through their influence on the central pattern generators [28] . However, supraspinal influence on locomotion requires the connections and coordination from different centers in the nervous system, thus it should require far more than 100 ms to occur. The interference of a cognitive task only during single-leg stance suggests that attentional resources are not used in the same way across the phases of gait, and that single-leg stance may require greater attentional demands [2] . Based on this temporal pattern of interference, one could speculate about the moment at which cognitive processing interferes with the motor output and how it is affected by age and neurological impairment.
We observed a reduction in plantar flexor muscles' activity during single-leg stance, when these muscles act to generate forward acceleration of the limb and body [24] . Therefore, a reduction in iEMG amplitude could result in decreased gait speed or changes in stride length and/or cadence. However, dual-task costs may not result in significant changes in gait parameters [4] , reflecting the adaptive capacity of the nervous system to re-adjust the pattern. Further investigation, using the same methodology, should include kinematic data of gait to examine if the change in iEMG is significant enough to affect the gait parameters mentioned above. Another alternative would be to analyze stride to stride variability under varying conditions.
Cognitive task-RT and accuracy
We hypothesized that cognitive performance would drop under dual-task conditions and that costs would be more pronounced as the difficulty of the cognitive task increased. Indeed, increasing the difficulty of the cognitive task successfully challenged the nervous system, yielding more errors and longer RTs when subtracting seven than when subtracting one. Participants took longer to respond to the stimuli during dual-task trials, regardless of the difficulty of the cognitive task. Dual-task costs may have resulted from activation of overlapping cortical regions, as brain areas related to motor processing are activated during arithmetic calculations [29] .
Our findings differ slightly from those of Fraser et al. [23] , despite using a very similar design. There, a facilitatory effect in the cognitive task was observed under dual-task conditions, whereas we observed dual-task costs. Importantly, both the motor and cognitive tasks were substantially more difficult in the present study than in Fraser's. We assume that asking participants to walk quickly (at a non-preferred pattern) was more attentionally demanding [3, 30] than walking at a moderate speed as in Fraser's study [23] . Therefore, the absence of cognitive dual-task facilitation in the present study is likely due to the additional motor and cognitive demands of the current design.
Conclusion
The introduction of a cognitive task while walking had an important effect on reducing iEMG that was time-dependent on stimulus presentation (>300 ms) and independent of the difficulty of the cognitive task. This timing window may reflect the interference of stimulus processing and the supraspinal descending drive to control and maintain the stability of the walking pattern. This time-based approach to analyzing EMG data is a novel way of investigating dual-task cost, in contrast to the more typical practice of comparing single-and dual-task conditions. Timebased approaches have already been proven useful in examining changing attentional demands during postural recovery [26] , and may be especially important when considering a dynamic and rhythmic activity such as gait. Identifying supraspinal centers involved in dual-task methodology should be further investigated to understand the interplay between gait and cognition. Dual-task studies, using single photon emission tomography [8] , functional near infrared spectroscopy [31] or functional magnetic resonance imaging (fMRI) [32] and positron emission tomography [33] based on ankle movement to simulate gait, seem to be good techniques to identify brain areas related to attentional resources during walking.
